Abstract-This letter proposes a microstrip filter based on a dual-mode complementary split-ring resonator (DMCSRR). For the input/output coupling, a dual -shaped feed structure is implemented together with the DMCSRR to acheive a wideband response. The resonator offers a wide fractional bandwidth of 62% at the central frequency of 2.23 GHz and a very compact structure with a footprint of , where is the guided wavelength at the midband frequency. A comprehensive lumped element circuit analysis accompanies the simulation and measurement results.
I
N the last decade, the introduction of split-ring resonators (SRRs) has provided new opportunities for designing high performance microwave devices [1] . Split-ring resonators and their counterparts, so called complementary split-ring resonators (CSRRs), have been widely utilized in composite left/right handed transmission lines [2] , microwave sensors [3] , [4] and filters [5] - [10] due to their compactness, high quality factor , and low radiation loss in RF systems [6] . Recently, there has been significant interest in implementing filters on ground plane with CSRRs. The advantages of these complementary structures lie in their compact size, spurious response suppression [7] and wide-band operation [8] . A bandpass filter is implemented by cascading high-pass and low-pass CSRR-based filter sections in [7] . In another work, a highly selective wideband bandpass filter based on two cascaded CSRRbased filter sections is proposed [9] . However, the cascading scheme is not suited for miniaturization of the filter. Another wideband filter based on a CSRR and square loop feeding resonators has been presented with an accurate equivalent circuit model for investigating the effect of different parameters [10] . All of these earlier implementations only exploit single-mode resonators for their operation. Dual-mode microstrip filters are attractive choices for highly compact microwave systems due to their compact size and fabrication simplicity [11] . This letter demonstrates the design of a wide band compact filter by embracing the concept of DM-CSRR. First, the operation principle of dual-mode CSRRs is presented and described by using an equivalent circuit. Next, a -shaped microstrip coupling feed structure [6] is utilized for implementation of high performance dual-mode configuration. Additionally, a comprehensive circuit model is developed for the filter to study its performance as a function of different parameters.
II. FILTER TOPOLOGY AND CIRCUIT MODEL

A. Dual-Mode CSRR
A single loop conventional CSRR is shown in Fig. 1 (a) with its equivalent lumped element circuit model in Fig. 1(b) [12] . In this resonator, models the capacitance between the central square plate and the surrounding ground plane separated with a distance , and stands for the inductance of the metallic strip connecting the plate to the ground plane. The value of depends on the plate circumference and and is a function of and the strip width. Based on the CSRR in Fig. 1 , a dual-mode CSRR can be developed as shown in Fig. 2 (a) together with its lumped element circuit model. In the circuit model, models the capacitances of the two rectangular plates in the middle surrounded by the ground plane at a distance from their edges. The inductor models the inductances connecting the two capacitive plates to the central parallel inductive path, , running to the ground plane. Finally, represents the mutual capacitance between the two capacitive plates, separated by a width . Illustrated in Fig. 2(b) are the corresponding even and odd mode equivalent circuits. The inductance has no affect on the odd mode operation, whereas the mutual capacitance has no affect on the even mode counterpart. From the physical 1531-1309 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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point of view, this is because there is no current flowing between the capacitive plates and ground plane through in the odd mode. Thus, the even and odd mode resonance frequencies can be calculated as (1) (2) As an illustration of the dual-mode behavior, a microstrip excited dual-mode CSRR is simulated by using the substrate with a relative dielectric constant of 10.7 and a thickness of 1.27 mm. The length of the parallel inductive path is varied to demonstrate its effect on the even mode resonance. As shown in Fig. 3 , the even mode resonance is directly dependent on whereas the odd mode is nearly unchanged. The small variation in the odd mode resonance is due to a small change in the capacitance as a result of varying the . The current distributions for the two modes are shown in the insets of Fig. 3 . For the even mode, the current flows through both and from the capacitive plates directly to the ground plane, whereas for the odd mode the current flows between the two capacitive plates through inductors.
B. C-Shaped Coupling
The -shaped couplings have been chosen for the input/output feeds as shown in Fig. 4(a) to improve the transmission response in the passband [6] . The equivalent model is available for -shaped coupling as shown in Fig. 4(b) . In this model, the values of and inductors can be controlled by the lengths and widths . Also, the ratio is related to the location of the input/output microstrip lines . The gap between the two -shaped couplings is represented by the capacitive -model constructed from the series capacitors and the parallel capacitors .
III. FILTER TOPOLOGY AND CIRCUIT MODEL
The proposed dual-mode filter and its circuit model are shown in Fig. 5 . The circuit model incorporates the coupling effect between the -shaped feeding microstrip lines and the DMCSRR embedded in the ground plane. The lumped element values of the circuit model are initially estimated by using the method presented in [13] , and then, more accurate values are obtained by fitting circuit simulation results to electromagnetic simulation results.
Since the filter performance is dependent on its dimensions and geometry, the proposed filter and its circuit model are simulated in Advanced Design System (ADS) to observe the effect of different parameters. The substrate used for design and simulations is RT/duroid 6010 with a relative dielectric constant of and a thickness of 1.27 mm. The filter bandwidth is mainly determined by the difference between the even and odd-mode resonance frequencies of the DMCSRR. From (1) and (2), the even and odd-mode resonance frequencies of the filter can be tuned separately by using and or equivalently by changing and respectively. Increasing causes a smaller and a larger , but is negligible for large enough . Therefore, in this case, is dominant and the odd-mode resonance frequency will move downward decreasing the fractional bandwidth. A larger shifts down the even-mode resonance, which in turn causes a larger fractional bandwidth. The simulation results of varying and are shown in Fig. 6(a) , (b), confirming the above explanation.
From the circuit model shown in Fig. 5 , the transmission zeros of can be controlled through and . These capacitances are dependent on the gap between the two -shaped feeds [13] . As a demonstration, the frequencies of the upper and lower transmission zeros are determined by using electromagnetic simulation of the whole structure for different -shaped coupling gaps. As shown in Fig. 6(c) , by decreasing the , the upper transmission zero frequency moves downward and the lower transmission zero moves upward.
IV. EXPERIMENTAL RESULTS
A prototype of the proposed filter has been fabricated with the dimensions given in Fig. 5 . The fabricated filter is depicted in Fig. 7 . The simulated, measured and circuit model responses of the filter are shown in Fig. 7 over the 0.2 to 6 GHz band. To avoid unexpected coupling of DMCSRR to the surroundings, the measurement is carried out on a non-metallic surface. As seen, the measurement are in a good agreement with simulations. The measured center frequency of the filter is 2.23 GHz and the 3 dB band-width is 1.38 GHz, which corresponds to a wide fractional bandwidth of 62%. The maximum passband IL is 0.27 dB and the stopband is extended to below 26 dB; the maximum rejection is around 57 dB, implying a good performance in suppressing unwanted out of band signals.
V. CONCLUSION A wideband filter based on a DMCSRR has been presented and validated. An accurate circuit model is proposed for studying the effects of different parameters on the filter performance. The fabricated sample occupies a very compact area of where is the midband wavelength.
